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Introduction 

For many years, much of the emphasis in agriculture and plant 

breeding has been placed on increasing overall production (Allard 

i960). This is because man is almost totally dependent on plants 

'for his food. The things he eats come directly from plants or in¬ 

directly from herbivorous animals. Plants are also the major source, 
directly or indirectly, of most clothing, fuel, drugs, and construction 
materials. 

The impact of insects on plants cannot be overemphasized. For 
example, some insects can be very successful in the biological control 
of weeds (Holloway 1964). Insects also have a great impact on the 
evolution and ecology of plants through their destruction of seeds, 
young seedlings, or the plants themselves (Breedlove and Ehrlich 
1968, Janzen 1969, 1971). The relationships between the insect 
and the plants that we observe today are based upon millions of years 
of co-evolution. During the course of this evolution, plants have 
developed various mechanisms to resist insect attack. The majority 
of plant defenses can be classified as physical or chemical defenses 
(Stahl 1888). Plant physical defenses may include thickened cuticle 
(Tanton 1962, Feeny 1970) or hairs, spines, and thorns on the epi¬ 
dermis (Johnson 1953, Pearson 1958, Bernays and Chapman 1970), 
which interfere with the insects feeding. The high silica content of 
some plants or the crystalline materials in the leaves of many conifer 
species add a further physical barrier to insect attack (Merz 1959, 
Pathak 1969). 

Plants have also evolved a great array of chemical defenses, the 
so-called secondary substances. These include the alkaloids, glyco¬ 
sides, tannins, flavenoids, terpenoids, essential oils, and saponins, to 
name a few (Fraenkel 1969, Whittaker and Feeny 1971). Stahl 
(1888) advanced the idea that these compounds evolved in plants as 
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a defensive mechanism against insect and vertebrate herbivores, 
pathogens, and perhaps competitors. This view has been supported, 
as far as insects are concerned, by Dethier (1954, 1970), Thorstein- 
son (i960), Ehrlich and Raven (1965), Jermy (1966), Whittaker 
and Feeny (1971), and Erickson and Feeny (1973). Much of the 
interaction between insects and these secondary substances is sensory 
in nature, and such substances may inhibit or deter feeding (Thor- 
steinson i960, Gill and Lewis 1971), or may prove toxic to non- 
adapted larvae (Taylor 1959). Some plant species even synthesize 
and accumulate sterols which mimic insect molting secretions (Wil¬ 
liams 1970). These phyto-ecdysones have been found in numerous 
fern species and prevent molting in insects feeding on such species 
(Whittaker and Feeny 1971). 

These secondary chemicals are not the only chemical means that 
plants have evolved to protect themselves from insect attack. Plant 
proteins are often deficient in some individual amino acids necessary 
for insect growth and development (Lord 1968, Boyd 1970). The 
nutritional quality or adequacy of the food plant is of utmost im¬ 
portance to a phytophagous insect (Friend 1958, Legay 1958). 
Aphids (Auclair et al. 1957), beetles (Allen and Selman 1955, 
1957), butterflies and moths (Hovanitz and Chang 1962, Feeny 
1970), grasshoppers (House 1959, Dadd 1961), flies (Chapman 

1969) , and other insects (Gilmour 1961, Levinson 1962), have all 
been shown to exhibit quite variable 'feeding responses which in turn 
influence larval development, mortality, fecundity and fertility, when 
reared on different host plant species or on the same host plants 
grown under differing conditions or ages. Gordon (1959) has 
suggested that nutrient deficiencies in plants “. . . may be a result 
of natural selection of inedibility.” The interaction between the 
nutritive adequacy of leaves and secondary chemistry has been dem¬ 
onstrated for oak trees and oak leaf tannins (Feeny 1968, 1969, 

1970 ) . 

Agriculturists and plant breeders have become aware of the prob¬ 
lems that increased yield and palatability of crop species present in 
terms of the plant’s inherent defensive mechanisms (Snelling 1941, 
Painter 1951, Allard i960, Briggs and Knowles 1967). The oldest 
record of inherent plant resistance to insect herbivores was by 
Havens (1792) in which he recognized the Hession fly resistance 
of the Underhill variety of wheat. However, scarcely 200 papers 
have dealt with this subject in the 148 year period from 1792 to 
1940 (Snelling 1941). Generally, as plants species were domesti¬ 
cated and cultivated, various morphological and physiological changes 
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occurred (Polunin i960). Cultivated plant species are often larger 
in size, have larger seeds or seed sets, have more rapid and uniform 
seed germination, lose defensive structures such as hairs, thorns, or 
spines, and display improved palatability and nutritive content com¬ 
pared to their corresponding wild relatives. 

The domestication of plants involves more than simply modifying 
the genetics of a species, because reciprocal adaptations between the 
domesticated (cultivated) species and the domesticator (man) are 
required. The domestication and cultivation of plants is in sorts a 
two way street; it may bring about ecological, social, and/or genetic 
changes in man as man has brought these changes to the plants. 
Selection for increased yield or increased productivity of the edible 
part of a crop species does not necessarily mean an increase in pri¬ 
mary production. Above a certain point, increased yield must come 
at the sacrifice of some other adaptive use of energy (Cody 1966). 
As an example, generally increasing the yield of wheat decreases the 
amount of straw which is a fundamental part of the plant’s self- 
productive maintenance equipment (Odum 1971). Is it then possible, 
when breeding for increased palatability, yield, or nutritive content 
in cultivated plant species, to alter or decrease the inherent defensive 
mechanisms of the plants involved, be they physical, chemical, or both? 

The purpose of this study is to examine this question in detail, 
utilizing the oligophagous butterfly, Papilio polyxenes f whose larvae 
feed on a variety of cultivated and wild or weedy species of the 
carrot family, the Umbelliferae (Chittenden 1909, Forbes i960, and 
others). Many umbellifer species upon which these larvae feed, have 
been cultivated for centuries, primarily for spices and condiments for 
prepared foods (Buttery et al. 1968, French 1971, Kasting et al. 
1972), and for medicinal or toxic drugs (Muenscher 1951, Kings¬ 
bury 1964). Umbellifer plants are a major source of various vita¬ 
mins (especially vitamin A) and minerals essential for proper growth 
in man (Lewis and Rubenstein 1971) as well as insects (Fraenkel 
I953> Dadd 1957)- Through studies of larval growth efficiency and 
food plant utilization, comparisons as to the relative adequacy of each 
host plant species, cultivated versus wild, can be determined. 

Methods and Materials 

Eggs of P. polyxenes were taken from the second generation of a 
culture founded from wild insects taken near Ithaca, New York and 
reared in the laboratory on carrot (Daucus carota ). A minimum of 
15 and a maximum of 20 eggs were placed on each of 32 umbellifer 
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species: io species of cultivated umbellifer and 22 species of wild or 
weedy umbellifers found in the Central New York area. The larvae 
were maintained on these species throughout larval development. 
Mature and uninjured leaves of the wild species were gathered in the 
field each day and the leaves of the cultivated umbellifers were col¬ 
lected from greenhouse reared plants. All leaves were sealed in 
plastic bags and offered to the larvae within 2 hours. Leaves were 
replaced and feces collected every 24 hours to prevent bacterial or 
fungal development. The larvae were reared in clear plastic boxes 
(9 X 12 X 4 inches) (Tri-State Plastic Molding Co., Henderson, 
Ky.), in a climatically controlled chamber with the following para¬ 
meters: temperature 22 0 day, 18 0 night, approximately 55% hu¬ 
midity, and a 16-8 LD photoperiod. 

For the purposes of examining larval energy and nutrient utiliza¬ 
tion, a minimum of 8 and a maximum of 10 newly molted 4th instar 
larvae were placed individually in glass petri dishes (Pyrex, 100mm 
X 15mm) lined on the bottom with a piece of Whatman No. 1 
filter paper. The ideal utilization study would, of course, encompass 
the entire life cycle as the efficiency of food utilization by the early 
instars is certainly of interest. The nutritional adequacy of the food 
plant material can be judged only by its ability to support growth 
in successive instars. There were, however, 2 reasons for utilizing 
only 4th instar larvae in this experiment. Since larvae of P. polyx- 
enes consume approximately 0.1% of the total food ingested during 
larval development during the 1st instar, these minute quantities of 
food ingested and digested lead to exceptionally high error values and 
are therefore inaccurate. Similar results were obtained for the 2nd 
and 3rd instars where the percentage of the total food consumed 
during larval development was 0.6% (L2) and 2.8% (L3). The 
ultimate instar was not included for the purposes of the energy 
utilization experiments due to a pre-pupal clearing of the gut in 
which a larva may lose up to 40% of his maximum wet weight 
within a 5 minute period. Once this occurs, there is no way to 
estimate the maximum larval weight which is necessary for various 
calculations to determine larval food utilization efficiencies. During 
the 4th instar, approximately 10 to 15% of the total food ingested 
during larval development is consumed. These larger amounts lead 
to more accurate weights which significantly reduce the statistical 
error. 

All the individual larvae were placed in the same controlled tem¬ 
perature room, except for the period of time each day during which 
new food was offered to the larvae and the feces collected. The 
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experimental larvae were fed the same leaves as the maintained cul¬ 
tures. These randomly collected leaves were split along the midrib, 
one half weighed and offered to the larvae and the other half weighed 
and used to determine the percent dry matter in the leaf material 
(Waldbauer i960, 1964). 

Besides the percent dry matter in the leaf material, the calorific 
and nitrogen content of the leaf material, the larvae, and the feces 
were determined. Calorific values of the larval food plants, feces, 
and larvae were determined by means of a Phillipson non-adiabatic 
microbomb calorimeter (Gentry and Wiegert Inst. Inc., Aiken, S.C.) 
(Phillipson 1964). The lyophilized leaf material, feces, and larvae 
were subjected to 3 replications for the determination of calorific 
values. The organic nitrogen content of the leaf material, the feces 
and the larvae, were determined either by the Kjeldahl method for 
total nitrogen (Williams 1964) or the microKjeldahl method (Mc¬ 
Kenzie and Wallace 1954). A minimum of 3 replicate samples was 
obtained for the larvae and the feces, as well as each host plant 
species. 

The dry weight of food ingested by the larvae was estimated 
following the techniques of Waldbauer (i960, 1964), and Wald¬ 
bauer and Fraenkel (1961) except that plant material was lyophilized 
instead of oven-dried. The dry weight of the food utilized ar assimi¬ 
lated was assumed to be the dry weight of the food ingested minus 
the dry weight of feces. An additional group of larvae were reared 
along with the experimental larvae, and these were sacrificed to 
determine the dry weights, and thus, the percentage of dry matter of 
the larvae. Indices of food utilization were determined following 
the methods of Waldbauer (i960, 1964, 1968). Many terms have 
been used both by ecologists and by physiologists to describe various 
measures and indices of food utilization and efficiency. Relationships 
between many of these terms are discussed by Kozlovsky (1968) 
and Waldbauer (1968). 

As an index of digestibility, the ratio of the amount of food as¬ 
similated to the amount of food ingested, referred to as the ‘Assimi¬ 
lation Efficiency’ (Clark 1946, Odum 1957, Odum 1971), or the 
‘Coefficient of Digestibility’ (Waldbauer 1964, 1968, House 1965), 
was used. In practice, this measure is only an approximation since 
the numerator (as determined by the usual gravimetric procedure) 
does not quite represent the amount of food actually assimilated 
(Waldbauer 1968). This slight error is due to the presence of 
metabolic wastes in addition to the undigested food in the feces 
(Lafon 1951). For this reason Waldbauer (1968) has suggested 
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‘Approximate Digestibility’ as a less ambiguous term to describe this 
measure. However, Hiratsuka (1920) and Waldbauer (1964) point 
out that the uric acid content of the phytophagous insects is relatively 
low and that the difference between true and measured assimilation 
efficiencies is negligible. 

The efficiency with which ingested food is converted to biomass is 
calculated by dividing the dry weight of food ingested into the dry 
weight gained by the larva during the instar. This index, referred 
to by the physiologists as the ‘Efficiency of Conversion of Ingested 
Matter’ (Waldbauer 1968) and by ecologists as the ‘Ecological 
Growth Efficiency’ (Gerking 1962, Odum 1971), is an overall 
measure of an animal’s ability to utilize for growth the food in¬ 
gested. 

The efficiency with which digested food is converted to biomass is 
calculated by dividing the dry weight of food assimilated into the 
dry weight gained by the larva during the instar. This index, re¬ 
ferred to by Waldbauer (1968) as the ‘Efficiency of Conversion of 
Digested Matter’ and by Gerking (1962) and Odum (1971) as the 
‘Tissue Growth Efficiency’, decreases as the proportion of digested 
food metabolized for energy and maintenance of physiological func¬ 
tions increases (Waldbauer 1968). 

In his classic work on accessary growth factors, Hopkins (1912) 
pointed out that absolute quantities cannot be used to compare the 
intake of food by animals growing at different rates. Valid com¬ 
parisons could only be made on the basis of the rate of intake relative 
to the mean weight of the animal during the feeding period. Wald¬ 
bauer (1964, 1968) working on this basis proposed the ‘Consump¬ 
tion Index’ calculated in this experiment as: 

dry weight of food ingested 

duration of y mean dry weight of the 

feeding period animal during feeding period 

The mean weight of the animal is most accurately calculated from 
the area under its growth curve as determined by integration. A 
weighted average of daily weights will give an almost identical value 
if the growth curve is smooth (Waldbauer 1964). Such three vari¬ 
able equations are at times difficult to discuss, being included in the 
present work only for later comparison with other insect species (see 
Waldbauer 1968). From the equation, if 2 individual larvae ingest 
the same total amount of food, with the larva on the less nutritiously 
adequate food plant taking a great deal of time and gaining little 
biomass and the other larva on a more acceptable food plant gaining 
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a great deal of biomass in a short time, the respective consumption 
indices may in fact be identical. 

A more useful index for the growth rates of an individual larva 
is the mean dry weight added to larval biomass per day. This 
measure gives the investigator a much more accurate estimation as 
to the growth potential of the various umbellifer food plants. 

For the purposes of food utilization and efficiency determinations, 
the experiment was concluded when the larvae molted into the ulti¬ 
mate instar. The larvae were then reared through to the adult stage 
on the same experimental plants that they fed upon before and dur¬ 
ing the utilization experiments. All resulting adult females were 
then utilized in various host plant selection experiments. 

The data are generally presented as a mean and standard error for 
the larvae in any particular host plant treatment group. The various 
experimental parameters were subjected to one way analysis of vari¬ 
ance (Guenther 1965, Snedecor and Cochran 1967) to determine 
differences among the various treatment groups. A typical T-test for 
2 independent samples of unequal sizes utilizing a pooled variance 
(Guenther 1965) was used for analysis of the differences between 
cultivated and wild umbellifer species. Linear regression analyses 
were performed and the significance of the correlation coefficients 
was tested using a table of critical V values (Snedecor and Cochran 

1967) . All statistical procedures were completed with the aid of a 
programable calculator (Olivetti programa 101 or microcomputer 
P602). 

Results 

Various plant parameters differed greatly between cultivated (do¬ 
mesticated) and wild (weedy) species of Umbelliferae offered to the 
swallowtail larvae (Table 1). The dry matter content of the leaf 
material was significantly lower (P < 0.01) at a mean of approx¬ 
imately 12.25% for the cultivated umbellifers than the wild umbel¬ 
lifer species which had a mean of about 21% dry matter. In terms 
of caloric content, no significant difference (P < .3) was found 
between the cultivated species, at a mean of about 4.11 cal/mg dry 
weight, and the wildly occurring species, at a mean of about 4.13 
cal/mg dry weight. The nitrogen content of the leaf material was 
significantly higher (P < 0.05) in the cultivated species, averaging 
approximately 1% higher than the wild species in terms of total 
nitrogen. This value becomes significant when converted to protein 
content, as 1% nitrogen equals approximately 6.25% protein (Lord 

1968) . 
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Table I. Dry weight, calorific values and nitrogen content of various species 
of Umbel Iiferae offered to the larvae of the eastern black swallowtail, 

PapiIio polyxenes , during the 4th instar. 


Plant species 

Mean percent 
dry material 
in 1 eaves 
± SE 1,2 

Mean calories 
per mil1igram 
dry weight of 
leaf material 
± SE 1 » 3 

Mean percent 
of nitrogen 

In leaf material 
± SE 1 ,*♦ 

Cultivated species 







Anethum qraveolens 

8.58 

± 

0.15 

4.00 

±0.11 

5.48 ± 0.27 

Di 1 1 

N 

= 

20 




Apium qraveolens 

15.90 

± 

0.48 

3.94 

± 0.21 

3.57 ± 0.10 

Celery 

N 

- 

28 




Carum carvi 

15.10 

± 

0.37 

4.31 

+ 0.10 

4.81 ± 0.16 

Caraway 

N 

- 

34 




Coriandrum sativum 

1 1 .63 

± 

0.36 

4.36 

± 0.07 

4.93 ± 0.31 

Coriander 

N 

= 

36 




Daucus carota 

8.96 

± 

0.29 

4.05 

± 0.22 

5.31 ± 0.09 

Carrot 

N 

= 

42 




Foeniculum vulqare 

7.64 

+ 

0.16 

4.01 

± 0.09 

5.45 ± 0.31 

Fennel 

N 

= 

16 




Liqusticum scothicum 

15.27 

+ 

0.68 

4.11 

± 0.26 

2.80 ± 0.17 

Scotch lovage 

N 

= 

29 




Pastinaca sativa 

16.00 

+ 

0.27 

4.44 

± 0.37 

5.12 ± 0.40 

Parsnip 

N 

= 

33 




Petroselinum crispurn 

8.83 

± 

0.21 

4.03 

± 0. 17 

5.52 ±0.19 

Parsley 

N 

= 

24 




Pimpinella anisum 

14.65 

± 

0.37 

3.83 

± 0.09 

2.83 ± 0.07 

An i se 

N 

= 

37 




Wi Id species 







Aeqopodium podaqraria 

21.87 

+ 

0.22 

4.42 

± 0. 13 

4.60 ± 0.31 

Goutweed 

N 

= 

22 




Aeqopodium variqatum 

20.73 

+ 

0.31 

4.30 

± 0.22 

3.03 ±0.11 

Goutweed 

N 

= 

39 




Aethusa cynapium 

11.56 

+ 

0.23 

4.06 

± 0. 17 

3.68 ± 0.23 

Fools parsley 

N 

= 

39 
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Table I. Continued. 


Plant species 

Mean percent 
dry material 
in leaves 
± SE 1 » 2 

Mean calories 
per milligram 
dry weight of 
leaf material 
± SE 1 » 3 

Mean percent 
of nitrogen 
in leaf matei 
± SE 1 * 4 

Anqelica atropurpurea 

25.22 

+ 

0.41 

4.25 ± 0.06 

5.12 ± 0.09 

Angelica 

N 

= 

25 



Anqelica triquinata 

18.49 

± 

0.65 

4.27 ± 0.19 

4.56 ± 0.33 

Angelica 

N 

= 

36 



Cicuta bulbifera 

18.17 

± 

0.42 

4.15 ± 0.17 

3.64 ± 0.08 

Bulb bearing water hemlock 

N 

= 

17 



Cicuta maculata 

19.20 

■± 

0.62 

4.19 ± 0.19 

3.67 ± 0.25 

Water hemlock 

N 

= 

27 



Coelopleurum lucidum 

18.23 

+ 

0.66 

4.13 ± 0.23 

3.21 ± 0.07 


N 

= 

42 



Conium maculatum 

20.98 

± 

0.55 

4.31 ± 0.21 

3.44 ± 0.15 

Poison hemlock 

N 

= 

53 



Crvptotaenia canadensis 

16.96 

+ 

0.50 

4.07 ±0.11 

4.25 ± 0.29 

Honewort 

N 

= 

16 



Daucus carota 

19.73 

+ 

0.36 

3.95 ± 0.21 

3.04 ± 0.06 

Carrot 

N 

= 

24 



Heracleum maximum 

24.66 

± 

0.69 

3.97 ±0.11 

4.71 ± 0.10' 

Cow parsnip 

N 

= 

24 



Heracleum sphondylium 

23.67 

+ 

0.72 

4.10 ± 0.23 

3.61 ± 0.27 

Cow parsnip 

N 

= 

34 



Imperatoria ostruthium 

21.99 

± 

0.96 

4.13 ± 0.17 

4.26 ± 0.31! 

Masterwort 

N 

= 

24 



Levisticum officinale 

20.48 

+ 

0.23 

3.98 ± 0.27 

3.70 ± 0. 16- 

Lovage 

N 

= 

26 



Pastinaca sativa 

19.34 

± 

0.36 

4.19 ± 0.23 

5.12 ± 0.07 

Parsnip 

N 

= 

20 



Pseudotaenidia montana 

31.41 

+ 

0.49 

4.01 ± 0.16 

1.54 ± 0.07 

Mountain pimpernel 

N 

= 

23 



Sium suave 

7.38 

+ 

0.21 

4.06 ± 0.31 

3.80 ± 0.13. 

Water parsnip 

N 

= 

27 
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Table I. Continued. 


Plant species 


Mean calories 

Mean percent per milligram Mean percent 

dry material dry weight of of nitrogen 

in leaves leaf material in leaf material 

± SE 1 , 2 ± SE*» 3 ± SE 1 > *♦ 


Taenidia In+erqerrima 

24.31 

+ 

0.64 

3.97 

± 0.13 

2.81 

± 0.20 

Yellow pimpernel 

N 

- 

30 





ThasDium barb inode 

30.79 

+ 

0.58 

3.93 

± 0.23 

2.22 

± 0.19 

Meadow parsnip 

N 

= 

28 





Zizia aptera 

19.80 

+ 

0.73 

4.31 

± 0.17 

3.21 

± 0.22 

Heart shaped alexanders 

N 

= 

27 





Zizia aurea 

23.53 

+ 

0.16 

4.25 

± 0.19 

4.23 

±0.11 

Golden alexanders 

N 

= 

18 





^The significance values 

of the , T» 

statistic 

with 

30 df are: 

0.05 

= 2.042, 


0.01 = 2.750. 


2 T = 5.666 


3 t = 


'T = 0.422 


4 T = 2.349 


The larvae reared on the 32 umbellifer species all ingested ap¬ 
proximately the same total amount of food, averaging about 144 dry 
weight mg, during the 4th instar (P < .3) (Table 2). Generally, 
all larvae completed the 4th instar in about 3 days (P < .3), thus 
the rate of food consumed also did not vary significantly (T = 0.247, 
P < .4). The proportion of ingested food which was digested and 
assimilated (‘Approximate Digestibility > ) averaged approximately 
53% for the larvae reared on the cultivated umbellifer species and 
about 47% for the larvae reared on the wild umbellifer species 
(P <0.05). The efficiency with which ingested food was converted 
to larval biomass ranged from approximately 25% for the larvae 
reared on the cultivated umbellifer species to approximately 19% 
for the larvae reared on the wild umbellifer species (P < 0.05). 

The efficiency of conversion of digested food into larval biomass 
did not vary significantly between the two groups of plants tested 
and averaged approximately 45% in all cases (P < .2) (Table 3). 
Individual larvae gained on the average approximately 10 diy wt. 
mg more on cultivated umbellifer species than the larvae reared on 
wild umbellifer species, during the 4th instar (P < 0.05). This 
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figure converts to approximately 80 wet wt. mg which for a normal 
4th instar caterpillar comprises about 20% of its maximum net 
weight. In terms of the consumption index, or the rate, corrected for 
larval weight, at which food enters the gut, both groups of larvae 
were ingesting at approximately the same rate (P < .1), although 
larvae reared on wild umbellifer species did display a slightly higher 
consumption (Table 3). In terms of larval weight gained per day, 
the larvae reared on the cultivated umbellifer species gained about 
11.6 dry wt. mgs per day whereas larvae reared on the wild species 
averaged on the whole about 8.7 dry wt. mgs per day (P < 0.05). 

Discussion 

One of the major concerns of modern ecology is the description 
and explanation of the energetic relationships between and within 
various communities. A knowledge of the food and energy utilization 
of insects is thus of particular importance to ecology since insects 
exert a substantial influence and impact on almost all terrestrial com¬ 
munities. Energy utilization studies and their ecological significance 
have been extensively reviewed (Englemann 1966, Phillipson 1966, 
and others). 

Adaptive nutritional differences in host plants must be sought on a 
quantitative level and meaningful comparisons of food utilization and 
nutrition will not emerge until quantitative studies are carried out 
(Erickson 1972). The determination of absolute requirements for 
dietary constituents depends upon the measurement of food or nutri¬ 
ent intake. Differences in food utilization efficiency can be demon¬ 
strated only by measuring intake and growth. Measurement of the 
food intake and the utilization of this food elucidates to a great 
degree the physiological processes occurring in an insect since patterns 
of utilization may be different although food sources are similar in 
their ability to support growth. For instance, low food intake may 
be offset by a high utilization of ingested or digested food and a very 
high food intake may well lead to a very low efficiency in the utiliza¬ 
tion of ingested or digested food. 

In this experiment, the larvae of the black swallowtail, P. polyx- 
enesj display a marked differential growth rate when reared on 
cultivated versus weedy umbellifer species. Larvae reared on cul¬ 
tivated umbellifer species gained approximately 25% more weight 
during the 4th instar than larvae reared on the wild or weedy um¬ 
bellifer species (Table 3). Since the larvae were generally from the 
same genetic background and were reared under similar conditions, 
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Table 2* The utilization of food by 4th instar larvae of the black swallowtail 
P. polyxenes, when reared on various species of cultivated and wild umbel lifer food 
plants (Mean ± SE). Common names of plant species can be found in Table I. 


Plant species 

Total food 
ingested 
(mg) 1 » 2 

Duration of 
4th instar 
(Days) 1 , 3 

Approximate 

digesti¬ 

bility 1 ^ 

Efficiency of 
conversion of 
i ngested 
matter 1 * 5 

Cultivated species 

Anethum qraveolens 

112.9l± 

8.26 

3.0610.17 

55.8612.09 

37.0412.86 

Apiurn qraveolens 

196.I4± 

5.48 

2.9910.06 

64.9410.89 

21.4510.57 

Carum carvi 

147.74± 

3.86 

2.9010.03 

54.7410.77 

27.8810.36 

Coriandrum sativum 

I9I.09± 

4.70 

2.9710.02 

46.3310.98 

22.8810.66 

Daucus carota 

150.631 

5.92 

3.5510.09 

55.0712.00 

29.9910.96 

Foeniculum vulqare 

117.901 

12.15 

3.0710.19 

56.4912.02 

31.9711.70 

Liqusticum scothicum 

120.951 

5.07 

2.9810.01 

48.I 111.53 

14.0510.81 

Pastinaca sativa 

145.151 

6.16 

3.3310.07 

49.6410.70 

25.2310.23 

Petroselinum crispurn 

129.821 

5.76 

3.4710.06 

57.9912.86 

31.0411.48 

Pimpinella anisum 

123.961 

6.21 

3.0710.17 

43.5511.48 

14.2010.93 

WiId species 

Aeqopodium podaqraria 

154.211 

5.43 

2.8210.05 

48.0212.58 

21.1411.23 

Aeqopodium variqatum 

170.921 

4.61 

2.9310.06 

52.4011.13 

24.8110.61 

Aethusa cynapium 

168.151 

6.24 

2.9710.01 

47.I6H.06 

I8.52ll.74 

Anqelica atropurpurea 

I86.69H3.14 

2.8610.06 

60.1513.57 

18.6511.41 

Anqelica triquinata 

86.381 

€.39 

3.6910.26 

42.63H.33 

29.5111.35 

Cicuta bulbifera 

122.371 

9.82 

2.8610.23 

47.6813.87 

14.8010.72 
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Table 2. Ccntinued. 


Plant species 

Tota1 food 
ingested 
(mg) 1 » 2 

Duration of 
4tb instar 
(Days) 1 » 3 

Approximate 

digesti¬ 

bility 1 ^ 

Eff iciency of 
conversion of 
ingested 
matter 1 * 5 

Cicuta maculata 

157.38±l4.29 

2.69±0.09 

46.27±2.56 

20.32±l.60 

Coe lopleurum luctdum 

1I8.70± 3.39 

2.91±0.06 

45.80±l.22 

I4.58±0.58 

Con 1 urn maculatum 

133.23±I3.34 

3.28±0.12 

49.43±3.82 

I8.40±0.96 

Cryptotaenia canadensis 

I00.58+ 7.32 

2.88±0.19 

46.43±3.89 

I8.29±2.12 

Caucus carota 

136.33±l3.99 

3.20±0.09 

51,48±3.02 

13.99±0.65 

Heracleum maximum 

221.30±l5.81 

2.97±0.04 

70.03±l.77 

11.86±0.84 

Heracleum sphondylium 

2I7.62±I4.37 

2.97±0.04 

67.64±l.37 

I3.9U0.49 

Imperatoria ostruthium 

142.90± 8.96 

3.48±0.07 

45.16±l.20 

18.36±0.57 

Levisticum officinale 

120.57± 9.27 

3.67±0.13 

39.85±l.06 

17.09±1.07 

Fastinaca sativa 

88.42± 9.19 

3.02±0.0I 

52.40±2.68 

I8.5UI .31 

Pseudotaenidia montana 

152.55±l4.63 

4.62±0.26 

22.4I±2.65 

I4.05±l.34 

Si urn suave 

118.37± 4.55 

3.15±0.02 

49.11±0.90 

31.08±1.14 

Taenidla Inteqerrima 

I42.56±I5.64 

2.84±0.09 

45.13±4.10 

16.88 ±1.51 

Thaspium barb inode 

161.70± 6.03 

4.41±0.26 

28.10±2.12 

14.42±1.88 

Zlzia aptera 

138.73± 4.77 

2.9I±0.06 

44.20±1.87 

29.11±0.74 

Zizia aurea 

140.04± 9.55 

2.69±0.07 

34.50±l.33 

19.29±0.80 


*The significance values of the 'T* statistic with 30 df are: 0.05 = ±2.042, 0.01 = 
±2.750. 

2 T = 0.079 

3 T = 0.058 

4 T = 2.103 

5 T = 2.615 
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Table 3. The utilization of food by 4th instar larvae of the black swallowtail, 
P. poIyxenes» when reared on various species of cultivated and wild umbel lifer 
food plants (Mean ± SE>. Common names of plant species can be found in Table I. 


Plant species 

Efficiency 
of conversion 
of digested 
matter 1, 2 

Larva 1 wt. 
gain (mg) 1 . 

Consumption 

3 index 1 , ** 

Larval wt. 
gain (mg 
dry wt,/ 
day ! 1 » 5 

Cultivated species 

Anethum qraveolens 

69.03±4.93 

40.6412.47 

1.5310.10 

I3.66ll.26 

Apium qraveolens 

33.27+0.98 

41.9711.12 

2.6510.08 

14.1110.56 

Carum carvi 

50.99±l.05 

41.1010.76 

2.1210.03 

14.1710.25 

Coriandrum sativum 

49.4lil.l5 

43.57±0.95 

2.5510.08 

14.6610.38 

Daucus carota 

54.04±2.76 

45.03H.78 

1.6210.06 

12.6610.30 

Foeniculum vuIqare 

57.38±4.32 

36.5912.43 

1.7510.15 

12.1711.13 

Liqusticum scothicum 

29.36±l.97 

17.1511.22 

3.3910.13 

5.7710.41 

Pastinaca sativa 

50.91±0.80 

36.6UI .54 

2.0010.05 

11.0410.53 

Petroselinum crispum 

54.40±4.12 

40.6413.19 

1.5410.09 

11.6610.82 

Pimpinella anisum 

32.52±l.63 

I7.84H .86 

3.3610.23 

5.9210.76 

WiId species 

Aeqopodium podaqraria 

45.65+4.55 

32.6712.33 

2.7710.26 

11.6610.93 

Aeqopodium variqatum 

47.44±I.I5 

42.3010.90 

2.3810.09 

14.4510.38 

Aethusa cvnapium 

39.2911.43 

31.1711.83 

2.9910.11 

10.4910.59 

Anqelica atropurpurea 

32.6913.25 

33.9812.33 

2.9710.23 

11.9210.80 

Anqe1ica triquinata 

69.2312.29 

25.5912.32 

1.7410.20 

8.2810.12 

Cicuta bulbifera 

33.1212.68 

17.7611.63 

3.4810.36 

6.3610.63 
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Table 3. Continued. 


Plant species 

Efficiency 
of conversion 
of digested 
matterl,2 

Larval wt. 
gain (mg) 1 » 3 

Consumption 
index 1 , 4 

Larval wt. 
gain (mg 
dry wt./ 

da y) 1,5- 

Cicuta maculata 

45.29±4.67 

31.0412.48 

2.9210.19 

11.4610.66 

Coe lop leurum lucidum 

3I.76±I.52 

17.3210.87 

3.3710.10 

5.7810.45 

Conium maculatum 

39.53±3.58 

23.7911.65 

2.4110.12 

7.3310.60 

Crvptotaenia canadensis 

42.3115.38 

17.7611.89 

2.8810.30 

6.6011.02 

Caucus carota 

28.0012.30 

19.0512.15 

3.2310.20 

5.9810.68 

Heracleum maximum 

17.1411.50 

25.6411.69 

4.1110.25 

8.6510.60 

Heracleum sphondylium 

20.6710'. 99 

29.8411.34 

3.9910.19 

10.0510.46 

Imperatoria ostruthium 

40.821T. 50 

26.2211.76 

2.4010.06 

7.5310.50 

Levisticum officinale 

41.6511.92 

20.7312.41 

2.3310.09 

5.6910.66 

Pastinaca sativa 

36.0H3.I2 

16.2011.82 

2.4310.15 

5.3610.60 

Pseudotaenidia montana- 

64.0515.15 

21.3212.38 

2.1010.04 

4.6710.59 

Si urn suave 

63.4512.75 

36.8211.96 

1.6210.04' 

1 1.7110.66 

Taenidia inteqerrima 

40.1814.63 

23.2111.75 

2.9610.27 

8.2310.68 

Thaspium barb inode 

51.5315.33 

23.0212.51 

2.2410.13 

5.3710.81 

Zizia aptera 

66.8613.70 

40.3711.67 

1.9610.08 

13.8610.47 

Zizia aurea 

56.6613.67 

26.6011.23 

2.9010.10 

9.8810.33 

*The significance values 

of the t T’ statistic with 30 

df are: 0.05 

= ±2.042, 


0.01 = ±2.750. 
2 T = 1.019 
3 T = 2.814 
4 T = 1.937 
5 T = 2.510 
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these different growth rates could be due to a variety of factors within 
the various host plant species. A particular host plant species may be 
deficient in certain nutrients necessary for proper larval growth and 
development or may contain various secondary chemicals which deter 
or inhibit larval feeding or physiologically interfere with the diges¬ 
tion, the assimilation and/or the utilization of food by the larvae. 

If the larvae reared on the wild umbellifer species gained less 
weight because of a behavioral deterence or inhibition of feeding, a 
reduction in the total food consumed or in the conusmption indices 
would be observed. However, all larvae on the 32 treatment groups 
ingested approximately the same total amount of food (P < .3), and 
consumed this food at approximately the same rate (P < .1) 
(Tables 2, 3). It thus appears that the observed reduction in growth 
rate was not due to a purely behavioral response to repellent sub¬ 
stances in the leaf material. 

Any physiological effect that would significantly reduce larval 
growth and development would become evident in either the reduced 
digestibility of the food or in a reduction of the efficiency of con¬ 
version of ingested food to larval biomass. In terms of the overall 
digestibility of the food, cultivated umbellifer species are significantly 
(P < 0.05) more digestible for the larvae than the weedy umbellifer 
species (Table 2). Along with this, the efficiency with which larvae 
utilize ingested matter for the production of biomass is significantly 
higher (P < 0.05) for larvae reared on cultivated umbellifer species 
(Table 2). It was also found that a strong correlation exists be¬ 
tween the dry weight gained per day by the larvae and the digesti¬ 
bility of the food (r = .586, 30 df.) and the efficiency of conversion 
of ingested matter (r = .711, 30 df.). It thus appears that some 
interference to the digestive processes is occurring in larvae reared 
on the weedy umbellifer species. This could be due to the action of 
secondary chemicals, either qualitative, quantitative, or both on the 
gut lining. This interference with digestion in the gut by the action 
of plant secondaiy chemicals has been previously established (Erick¬ 
son and Feeny 1973). 

Once the food material has passed through the gut, all larvae, be 
they reared on cultivated or wild umbellifers, utilize it for biomass 
production to the same degree (Table 3). A non-significant corre¬ 
lation exists between the efficiency of conversion of digested matter 
and the amount of weight gained per day (r = .248, 30 df.) and 
the efficiency of conversion of digested matter and the approximate 
digestibility (r = .258, 30 df.). This suggests that once the food is 
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assimilated through the gut wall, there is no further effect on its 
utilization, which supports the supposition of interference with di¬ 
gestion occurring in the gut of the larvae reared on weedy umbellifer 
species. 

Besides the apparent interference with digestion found in larvae 
reared on wild or weedy umbellifer species, are there any nutritional 
differences between the cultivated and wild plant species that may 
influence overall food utilization? Among the 32 umbellifer species 
tested, no significant difference was found in the caloric content of 
the leaf material offered to the larvae (Table 1). Thus, in terms 
of calories all leaves presented to the larvae were of equal value. 

It has been suggested that the water content of the host plant 
would greatly affect the utilization efficiencies. A strong significant 
difference (P < 0.01) exists between cultivated and weedy umbel¬ 
lifer species, with the cultivated species being much higher in water 
content than the weedy species. A definite negative correlation exists 
between plant dry matter content and the amount of larval weight 
gained (r = .466, 30 df.) and plant dry matter content and the 
utilization of ingested matter (r = .711, 30 df.). It has been shown 
in this laboratory, that by varying the water content of leaf material, 
the utilization of food by the cecropia moth, Hyalophora cecropia , 
is greatly affected (J. M. Scriber, in preparation). This effect 
was shown in lengthened development times for larvae reared on 
plants with low water content in which the total food consumed 
increased but the consumption rate remained relatively constant. In 
our experiment however, larval developmental times as well as total 
food consumed did not vary significantly but larval food utilization 
was affected by the digestibility and the efficiency of conversion of 
ingested food into larval biomass. It appears from the correlations 
found that the dry matter content of the umbellifer leaves may have 
some influence on the larval utilization efficiences to an unknown 
degree. 

The importance of nitrogen for larval growth and development 
cannot be overemphasized. Friend (1958), House (1961, 1962), 
and Dadd (1973) have discussed the qualitative requirements of 
proteins and amino acids for larval development. There appears to 
be an optimal nitrogen level, which varies from species to species, 
that produces maximal larval growth (Dadd 1961, House 1959, 
Vanderzant 1958). If nitrogen is a limiting factor for larval growth 
in this species as has been shown for other lepidopterous larvae 
(Erickson 1972), larvae reared on plant species containing higher 
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nitrogen levels should develop at a faster rate and gain more larval 
biomass. A highly significant difference (P < 0.05) exists in the 
nitrogen content between cultivated and weedy umbellifer species 
(Table 1). In terms of larval growth rates, a significant correlation 
exists between the weight gained per day and the nitrogen content 
of the plant (r = .701, 30 df.). Cultivated umbellifer species con¬ 
tain approximately 1% more total nitrogen than weedy umbellifer 
species, which in terms of protein content means an increase of ap¬ 
proximately 6.25% (Lord 1968). This increase in nitrogen protein 
content would allow larvae to gain more weight per unit of food, 
thus utilizing their ingested food more efficiently. 

The differential growth rates displayed by larvae reared on culti¬ 
vated and weedy umbellifer species is most likely due to a variety 
of factors. Cultivated umbellifer species generally appear to be more 
digestible and more nutritionally adequate for larvae of P. polyxenes. 
Is it possible that through the long history of the domestication and 
cultivation of plants that man has developed plants more digestible 
and nutritionally adequate for insects as well as for himself? Organ¬ 
isms have a limited amount of energy to spend and will be selected 
to partition this energy in different ways depending upon changing 
environments and physiological conditions (Cody 1966). Any activity 
of an organism, or more precisely, the energy expenditure for that 
activity, can be viewed only in relation to all other demands for 
energy. Wild or weedy umbellifer species are under a constant selec¬ 
tion pressure, always adapting to new predators, be they arthropod, 
vertebrate, or pathogen. Domesticated and cultivated species have 
been carefully and artificially selected for increased palatibility, yield, 
and nutritional quantities possibly at the expense of the plant’s own 
defenses. Thus, in producing plants more edible and nutritionally 
adequate for man, agriculturists have unintentionally made these 
plants more edible and nutritionally adequate for the insect herbi¬ 
vore. Has man, in a sense, chained himself to the plant, having to 
provide for the plant’s defense through the use of insecticides or 
through other biological control mechanisms? 
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